Mechanical ventilation is the most important life supportive therapy for patients with acute respiratory distress syndrome (ARDS). However, increasing evidence from clinical studies suggests that mechanical ventilation can cause lung fibrosis, which may significantly contribute to morbidity and mortality. Recent studies also found fibroproliferation occurred in early stage of ARDS with poor outcome. We have hypothesized that mechanical ventilation-induced lung injury may be a major contributor to lung fibrosis, and antioxidant could be a potential therapeutic agent for the treatment to mechanic ventilation induced fibroproliferation. We therefore used Sprague-Dawley rats that were ventilated with large tidal volume (20 ml/kg) or low tidal volume (7 ml/kg). We analyzed the time course of collagen level in the lung and the effect of N-acetylcysteine (NAC), a thiol antioxidant, on mechanical ventilation-induced collagen accumulation. In addition, normal human lung fibroblasts (NHLF) were exposed to mechanical stretch, which mimics ventilator-induced lung inflation, to evaluate the collagen secretion in culture medium. We found that ventilation-induced collagen accumulation occurred even after 2-hour ventilation. Pretreatment with NAC (140 mg/kg) inhibited collagen accumulation in lungs of rats ventilated with large tidal volume. Moreover, mechanical stretch caused the accumulation of collagen in the culture medium of NHLF, the magnitude of which was decreased with the pretreatment with NAC (1 mM). These results indicate that mechanical ventilation can induce collagen accumulation within 2 hours. NAC alleviated the collagen accumulation induced by mechanical ventilation with high tidal volume. Therefore, NAC can be considered as a good candidate in preventing ventilation-induced lung fibrosis.
Introduction
Mechanical ventilation (MV), as a critical therapeutic strategy, has been widely used in clinical setting to provide adequate oxygenation to vital organs of patients with acute respiratory distress syndrome (ARDS). However, improper operation of mechanical ventilation would lead to a series of complications including ventilator-induced lung injury (VILI) which is characterized as inflammatory cytokines release, neutrophils influx and thus resulting in pulmonary edema formation (Slutsky and Ranieri 2013) . Furthermore, mechanical ventilation has been reported to be associated with pulmonary fibrosis as it is revealed that 53% of ARDS patients who received mechanical ventilation for ≥ 5 days had been found to develop pulmonary fibrosis (Papazian et al. 2007 ). Pulmonary fibrosis worsens lung compliance and oxygenation. It has been documented in a prospective cohort study that ventilated ARDS patients who have developed pulmonary fibrosis exhibited higher mortality (57%) compared to patients without evidence of fibrosis (Martin et al. 1995) .
As a pathogenic response in ARDS patients, fibroproliferation is characterized by fibroblast accumulation, collagen and other extracellular matrix (ECM) components deposition, which results in lung remodeling, and ultimately leading to lung fibrosis (Burnham et al. 2014) . However, the factors that determine fibroproliferative development in ARDS patients and the cellular mechanisms responsible for this pathogenic response are poorly understood. Increasing evidence from clinical studies suggested that VILI may be a major contributor to the development of lung fibrosis in ARDS (Cabrera-Benitez et al. 2014) . Airway stretch caused by mechanical ventilation resulted in an enhanced type III procollagen (PCIII, a byproduct of type III collagen synthesis) gene expression (Parker et al. 1997; Garcia et al. 2004) , which further led to an increased expression of fibro-nectin (a fibroblast growth factor) and transforming growth factor β1 (TGF-β1) genes (Tatler and Jenkins 2012) . Meanwhile, mechanical stress also induced EpithelialMesenchymal Transition (EMT) (Cabrera-Benitez et al. 2012) . These findings all suggest that mechanical ventilation can lead to pulmonary fibroproliferative responses. Unlike previous understanding, there is clear evidence of fibroproliferative responses such as increased synthesis of lung collagen, which leads to lung repair and fibrosis (Suki et al. 2005) , in the earliest stages of ARDS and its correlation with a poor outcome (Marshall et al. 2000; Ichikado et al. 2012) . Hence, mechanical ventilation may have contributed to the early collagen synthesis during the course of ARDS.
Moreover, mechanical ventilation induced neutrophil infiltration and oxidative stress, both of which may contribute to the development of pulmonary fibrosis (Li et al. 2012a; Pires et al. 2012) . Oxidants have also been suggested to facilitate the fibrotic response in the lung (Park et al. 2009 ). Hence, antioxidant could be a potential therapeutic agent for treating mechanic ventilation-induced fibroproliferation and for preventing lung fibrosis in ARDS patients. Meanwhile, N-acetylcysteine (NAC), a thiol antioxidant, has been reported to alleviate bleomycin-induced pulmonary fibrosis in rats (Li et al. 2012b) . Our previous study also demonstrated that NAC inhibited lipopolysaccharide (LPS)-induced oxidant injury and collagen synthesis in human embryonic lung fibroblasts (HELF) (Li et al. 2011) .
In the present study, we aimed to address these important issues by using both in vivo and in vitro models to investigate mechanical ventilation-induced pulmonary fibroproliferation and the therapeutic effect of NAC on the mechanical ventilation-induced pulmonary fibroproliferation.
Materials and Methods

Rat ventilation
Animal study was approved by the Massachusetts General Hospital Subcommittee on Research Animal Care and conducted in compliance with guidelines of United States Department of Agriculture Animal Welfare Act, Public Health Service Policy on Humane Care and Use of Laboratory Animals.
Male Sprague-Dawley viral-free rats (180-230 g) were obtained from Charles River Laboratories (Wilmington, MA). Rats were anesthetized with intraperitoneal ketamine (50 mg/kg) and diazepam (5 mg/kg). After performing oral intubation was with a 2.42 mm OD (1.67 ID) polyethylene catheter, rats were randomly assigned to one of three groups: tidal-volume of 7 ml/kg (V T 7 ml/kg), tidal-volume of 20 ml/kg (V T 20 ml/kg) and without mechanical ventilation on room air as control. The dose was chosen based on previous studies (Quinn et al. 2002; Mascarenhas et al. 2004; Syrkina et al. 2008) .
Rats were ventilated at 85 breaths/minute for 2, 4, or 6 hours on room air. During ventilation the arterial pH was maintained at 7.3~7.45 and PaCO 2 was maintained at 30~40 mmHg by increasing the amount of dead space. Cardiac output and mean carotid artery pressure were maintained at a stable level as previously described (Choi et al. 2003) . After ventilation rats were allowed to recover from anesthesia and extubated. At 2 hours after ending ventilation, rats (n = 6/group) were anesthetized again and euthanized, lungs were harvested en bloc for collagen assay.
To explore collagen accumulation after the end of mechanical ventilation, rats were ventilated for only 2 hours. At 2, 24, 48, or 72 hours after the 2-hour ventilation, rats (n = 6/group) were anesthetized again and euthanized and lungs were harvested en bloc for collagen assay, At 24 hours after the end of ventilation, the rest of the rats (n = 6/group) were euthanized. The left lungs were harvested and fixed for trichrome collagen staining.
Cell culture and cell stretch
Normal human lung fibroblasts (NHLF, Clonectics, San Diego, CA) were grown in Fibroblast Growth Medium (FGM; Clonetics, San Diego, CA) with 2% Fetal-III serum (Hyclone, Logan, UT). NHLF were fed with 2 ml/cm 2 of fresh media every two days and maintained in a humidified incubator with 95% air and 5% CO 2 at 37°C.
Two days prior to stretching, cells were seeded in dishes with a density of 3 × 10 6 /dish. The dishes had a silicone elastic membrane bottom, which served as a stretchable cell-culture surface for use in the mechanical strain device. The silicone membrane was coated with fibronectin for NHLF. Two hours before stretching, cells were washed with 10 ml of Hank's balanced salt solution (HBSS) twice and replaced with serum-free media. To mimic the overextension of lung cells in VILI, cells were placed on a mechanic deformation device (Martha Gray, US Patent 5348879, Massachusetts Institute of Technology, Cambridge, MA) as previously described (Dunn and Pugin 1999) . Cells were stretched at 20 cycles/minute of 15% strain, which means 15% change in cell length to resting cell length and is associated with an approximately equaled lung stretch to 62% total lung capacity (TLC) (Karadag et al. 2004) . Cells were subjected to 20 cycles/min of 15% strain for 0.5 h, 1 h and 4 h. Parallel dishes of cells were seeded and grown in the same condition and maintained without stretch as control. The experiments were performed in 5% CO 2 at 37°C. Cultured media were harvested 2 hours after stretch to allow time for protein production. Collagen level was then measured in each cultured medium.
N-acetylcysteine administration
To investigate the effect of NAC on the collagen accumulation, NAC, a thiol antioxidant (St. Louis, MO, USA) was tested in vivo and vitro experiment.
In vivo, NAC (140 mg/kg) (Syrkina et al. 2008 ) was administrated to rats (n = 6/group) by intravenous injection before ventilation with either V T 7 ml/kg or V T 20 ml/kg, while the vehicle of NAC, physiological saline was also injected to other rats (n = 6/group) before ventilation with either V T 7 ml/kg or V T 20 ml/kg as compared. At 2 hours after the 2-hour ventilation, the rats were euthanized. The right lung was harvested for collagen assay. Bronchoalveolar lavage (BAL) fluid was also measured for collagen level.
In vitro, static or stretched NHLF were incubated with or without NAC (1 mM) (Jafari et al. 2004 ) for 2 hours, and after a period of 2 hours, cell cultured media were harvested for measurement of collagen level.
Collagen assay
Collagen was quantified in the lung tissue and BAL from rats and cultured medium from NHLF with Sircol Collagen Assay kit (Accurate Chemical & Scientific Corporation, Westbury, NY). The Sircol Assay is a dye-binding method designed for the analysis of acid and pepsin-soluble collagens. The kit is suitable for monitoring collagen produced in situ or during in-vitro cell culture and in-vitro ECM formation, detection limit is 1.0 μg collagen. Sircol assays in lung tissues were confirmed with immunohistochemical staining with Toulouse-Lautrec 1-step trichrome stain kit (Biocare Medical, Walnut Creek, CA) (Lopez et al. 2006) . Trichrome collagen staining was used to illustrate the distribution of collagen accumulation in the lung. Lungs were harvested at 24 hours after the 2-hour ventilation and fixed with 10% phosphate-buffered formalin, embedded in paraffin and cut in 10 µm sections. Toulouse-Lautrec 1-step trichrome stain kit (Biocare Medical, Walnut Creek, CA) was used for the trichrome collagen staining.
Statistical analysis
All the data are expressed as means ± standard error of the mean (SEM). Data were analyzed with Statview 4.5 (Abacus Concepts, SAS Institute, Cary, NC). ANOVA was used to assess the statistical significance of the differences followed by multiple comparisons with a Scheffe's test. Kruskal Wallis, a non-parametric test, was used to confirm ANOVA results in data that was not normally distributed. A P value < 0.05 was considered statistically significant.
Results
Collagen accumulated in lung tissue of rats exposed to high tidal volume ventilation
To investigate ventilation-induced pulmonary fibroproliferation, we examined lung collagen, a key component of pulmonary fibrotic lesions, in rats exposed to mechanical ventilation with different tidal volumes. The lung collagen content significantly increased in a time-dependent manner in rats ventilated with higher tidal volume (V T 20 ml/kg), compared to that in rats with low tidal volume (V T 7 ml/kg) (Fig. 1) . Furthermore, when compared with control group without mechanical ventilation, low tidal volume (V T 7 ml/ kg) also increased total lung collagen contents at 4 and 6 hours.
To explore collagen accumulation after the termination of mechanical ventilation, we also measured lung collagen after only a 2 hour ventilation but harvested in different time points. In the high tidal-volume ventilation group (V T 20 ml/kg), total lung collagen was increased at 2 hours after ventilation, continued to rise at 24 hours, reached a plateau at 48 hours, and was no longer significantly elevated at 72 hours after ventilation. In low tidal-volume ventilation group (V T 7 ml/kg), collagen accumulation was significantly lower than that in high tidal-volume ventilation group but still increased at 24 and 48 hours compared with the non-MV control group (Fig. 2A) .
We also performed trichrome staining to confirm collagen accumulation in lung tissue at 24 hours after ventilation. Intensive collagen accumulation was observed by trichrome stain in the injured lung areas in high tidal-volume ventilation group (V T 20 ml/kg) (Fig. 2B ) as compared to low tidal-volume ventilation group (V T 7 ml/kg) (Fig. 2C) .
NAC intervention alleviates the collagen accumulation induced by high tidal-volume ventilation
To study the effects of NAC on collagen accumulation in rats exposed to high tidal volume ventilation, total lung collagen levels were measured. Increases of collagen were assessed in both lung tissue and BAL of rats subjected to V T 20 ml/kg compared with rats subjected to V T 7 mL/kg for 2 hours (tissue: V T 7 ml/kg = 47.25 ± 1.73 µg/mg vs. V T 20 ml/kg = 92.74 ± 8.21 µg/mg, P < 0.05; and BAL: V T 7 ml/ kg = 9.59 ± 1.06 µg/ml vs. V T 20 ml/kg = 28.14 ± 5.43 µg/ ml, P < 0.05). NAC intervention resulted in alleviation of collagen increases in both lung tissues and BAL fluids of rats subjected to V T 20 ml/kg for 2 hours (tissue: V T 20 ml/ kg = 92.74 ± 8.21 µg/mg vs. V T 20 ml/kg + NAC = 65.67 ± 1.87 µg/mg, P < 0.05; and BAL: V T 20 ml/kg = 28.14 ± 5.43 µg/ml vs. V T 20 ml/kg + NAC = 12.18 ± 0.75 µg/ml, P < 0.05), suggesting the inhibitory effect of NAC on collagen accumulation exposed to high tidal-volume ventilation (Fig.  3A, B) .
Cyclic cell stretch induces early collagen secretion in NHLF
To study the contribution of cyclic cell stretch to collagen secretion in lung fibroblasts, we measured the collagen level in fibroblast culture medium after 15% cyclic strain for 0.5, 1 or 4 hours. A time-dependent increase in collagen level was documented that started after 1 hour and further elevated at 4 hours as compared to the control without stretch (Fig. 4A) , suggesting cyclic cell stretch caused fibroproliferative responses in NHLF. Rats (n = 6/group) were ventilated at V T 20 ml/kg or V T 7 ml/kg for 0 to 6 hours. In control group, rats were intubated without ventilation. Lung tissues were harvested at the end of 2 hours of ventilation. *P < 0.05 vs. V T 7 ml/ kg. † P < 0.05 vs. 0 time.
NAC decreases collagen content in cell culture medium induced by mechanical stretch in NHLF
Due to the important role of NAC in antioxidant defense, we examined whether NAC was involved in the process of cyclic cell stretch-induced collagen secretion in NHLF. The results showed that cyclic cell stretch in NHLF cells for 2 hours significantly increased collagen level in culture medium compared with static controls (Control: 21.54 ± 8.02 µg/ml vs. stretch: 43.42 ± 9.49 µg/ml, P < 0.05). In NAC pre-incubated NHLF, the stretch-induced collagen accumulation in the culture medium was significantly decreased (stretch: 43.42 ± 9.49 µg/ml vs. stretch with NAC: 16.69 ± 4.6 µg/ml, P < 0.05). These data suggest that NAC can inhibit the fibroproliferative response included by cyclic cell stretch (Fig. 4B ).
Discussion
Lung fibrosis was traditionally considered as a late event in ARDS, but several studies have demonstrated fibrotic change can occur in the earliest stages of ARDS. The concentration of PC III, a byproduct of type III collagen synthesis is higher in serum and lung lavage fluids in ARDS patients compared with control patients at 24 h (Marshall et al. 2000) , and 47% of patients had evidence of fibroproliferation assessed by high-resolution computed tomography (HRCT) on the first day of ARDS (Ichikado et al. 2012) . The elevated level of PC III and pulmonary fibroproliferation in early ARDS are predictive of increased mortality and poor outcome (Chesnutt et al. 1997; Marshall Fig. 2 . Collagen continues to increase in rat lung tissues after exposing to high tidal-volume ventilation. Rats (n = 6/group) were ventilated at V T 20 ml/kg or V T 7 ml/kg for 2 hours. Lung tissues were harvested at the end of 2 hours of ventilation, and 24, 48 and 72 hours post ventilation respectively (A). *P < 0.05 vs. V T 7 ml/ kg. † P < 0.05 vs. Non-MV. The lungs, which harvested at 24 hours post-ventilation, were fixed with 10% formaldehyde buffer and stained with trichrome staining (B, V T 7 ml/kg; C, V T 20 ml/kg). The blue staining represents collagen accumulation. The magnifications are 100×, and 400× in the inserts. Fig. 3 . N-acetylcysteine decreases total lung collagen in rats exposed to high tidal-volume ventilation. V T 20 mL/kg for 2 h, followed by a 2 h recovery period, significantly increased the collagen level in lung tissue (A) and in BAL fluid (B) as compared to rats ventilated at V T 7 mL/kg. Pretreatment with NAC alleviated the collagen increases in both lung tissue and BAL fluid. *P < 0.05 vs. V T 7 mL/kg. A study of an acid-induced lung injury model in mice revealed that the 2-hour mechanical stretch induced lung fibrosis formation (Cabrera-Benitez et al. 2012) . Another study demonstrated that pulmonary fibrotic changes were induced at the early stage by mechanical ventilation in lungs without preexistent lung disease (Villar et al. 2011 ).
Here, we showed that the mechanical ventilation for 4 hours with high tidal volume (20 ml/kg) caused marked collagen deposition in rats. In our in vivo study, we found that high tidal volume ventilation (20 ml/kg) induced lung collagen accumulation, which started after the 2-hour ventilation in rats. Even low tidal-volume ventilation (7 ml/kg) also mediated collagen accumulation after the 4-hour ventilation. These results indicate that collagen accumulation occurs rapidly after mechanical ventilation. Furthermore, we found collagen accumulation continued to rise after the 2-hour ventilation, which was obvious in high tidal-volume group. Even in low tidal-volume group, collagen accumulation increased significantly at 24 and 48 hours after the 2-hour ventilation compared with the non-MV control group. In our in vitro study, NHLF were used to investigate the secretion of collagen because fibroblasts are the major source of collagen. The stretch-induced collagen level increased in culture medium which started as early as after 1 hour after stretch of NHLF. These results support that mechanical ventilation plays a critical role in early collagen accumulation. Interestingly our study found low tidal-volume mechanical ventilation (7 ml/kg) could also increase collagen level in lung tissues, because the low tidal-volume mechanical ventilation is also positive pressure ventilation. When compared with high tidal-volume mechanical ventilation, it can indeed cause less injury to lung. However, when the lung was exposed to low tidal-volume mechanical ventilation for a relatively long time, it can induce significant collagen deposition compared with non-ventilation group. In clinical setting, to avoid the positive ventilation-induced lung injury no matter high or low tidal volume, once the function of respiration is restored, it is suggested to extubate as soon as possible.
Mechanical stretch has been previously associated with superoxide production and oxidative stress. Superoxide (O 2 − ) production increased significantly after cyclic mechanical stretch of 2 hours in pulmonary epithelial cells (Chapman et al. 2005 ). Significant increases in reactive oxygen species (ROS) were also measured in type I-like rat alveolar epithelial cells after 10-minute cyclic stretch at 37% change in surface area (Davidovich et al. 2013) , and increased ROS production was dependent on the time and magnitude of stretch. We also found that high tidal-volume ventilation could cause a decline in lung glutathione (GSH) content and a rise in the levels of serum isoprostane in the same rat model (Syrkina et al. 2008) .
The oxidative stress is a potent stimulus for the production of TGF-β that seems to enhance the fibrotic response in the lungs (Park et al. 2009 ). Imbalance between oxidant production and antioxidant protection results in accumulation of ROS oxidants may contribute to the development of pulmonary fibrosis due to their effects on the production of TGF-β (Li et al. 2013) , suggesting that using antioxidants may be helpful in the prevention, and perhaps the treatment of fibrosis in VILI.
NAC is now clinically available as an antioxidant using in patients with idiopathic pulmonary fibrosis (Raghu et al. 2011) . We therefore investigated whether NAC could also alleviate lung collagen accumulation in VILI. NAC was first found as a thiol antioxidant and has the potential to produce GSH. It can increase plasma GSH levels in a dose-dependent manner (Bridgeman et al. 1994) . NAC also increased intracellular GSH concentrations in alveolar mac- (A) NHLF cells were exposed to cyclic stretch for 0.5, 1 and 4 hours (n = 6/group). Cell culture medium was harvested 2 hours after stretch for measurement of collagen level. *P < 0.05 vs. static. (B) Cyclic stretch for 2 hours significantly increased the collagen level in cell culture medium. Pretreatment with NAC decreased collagen content in culture medium of NHLF exposed to the cyclic stretch. *P < 0.05 vs. static. # P < 0.05 vs. stretch.
rophages and inhibits H 2 O 2 and O 2 − release from neutrophils of smokers and patients with chronic obstructive pulmonary diseases (COPD) (Nagy et al. 1997 ). An in vitro study demonstrated NAC inhibited TGF-β1-induced profibrotic responses in fibroblasts (Sugiura et al. 2009 ). NAC was found to ameliorate bleomycin-induced pulmonary fibrosis in rats by inhibition of lysyl oxidase activity via elevation of lung GSH (Li et al. 2012b) . In our previous studies NAC has been found significantly increased total intracellular GSH in stretched rat lung (Syrkina et al. 2008 ) and inhibited collagen synthesis and GSH reduction induced by LPS in pulmonary fibroblasts (Li et al. 2011 ). In the present study, in vivo NAC (140 mg/kg) intervention alleviated the collagen accumulation included by high tidal-volume ventilation (20 ml/kg), in vitro NAC (1 mM) decreased collagen content in culture medium included by cyclic cell stretch of NHLF. Since administration in present in vivo and in vitro study inhibited collagen accumulation, NAC may attenuate pulmonary fibroproliferation in this model.
In many patients, because of the severity of the underlying disease, it is impossible to provide a lung protective strategy for all lung units. A therapy that could modulate the fibrotic response could be beneficial. NAC could specifically minimize the pulmonary fibroproliferation associated with mechanical ventilation and hopefully lead to improved outcomes in patients with ARDS. More studies are needed to further investigate the dose, time and route of NAC.
The present study has some limitations. The exact underlying mechanism should be investigated in future, such as the detailed inflammatory cells, inflammatory cytokines and/or free radicals that are involved. Also, we would like to investigate the major type types of collagen that are responsible for our study. Furthermore our study focused on the collagen accumulation, not the ultimate pathological fibrosis, the role of mechanical ventilation in fibroproliferation to fibrosis need be clarified in future. More studies also need to investigate the dose and time of NAC administration as well as its potential functional in VILI restoration.
In summary, this study demonstrated that mechanical ventilation can induce collagen accumulation in early stages. This process partly depends on the time and magnitude of stretch. NAC, a thiol antioxidant alleviated the collagen accumulation included by high tidal-volume mechanical ventilation and may help in the development of prevention of lung fibrosis in ARDS patients who received mechanical ventilation.
